Narcolepsy is characterized by excessive daytime sleepiness (EDS), cataplexy and/or other dissociated manifestations of rapid eye movement (REM) sleep (hypnagogic hallucinations and sleep paralysis). Narcolepsy is currently treated with amphetamine-like central nervous system (CNS) stimulants (for EDS) and antidepressants (for cataplexy). Some other classes of compounds such as modafinil (a non-amphetamine wake-promoting compound for EDS) and gamma-hydroxybutyrate (GHB, a short-acting sedative for EDS/fragmented nighttime sleep and cataplexy) given at night are also employed. The major pathophysiology of human narcolepsy has been recently elucidated based on the discovery of narcolepsy genes in animals. Using forward (i.e., positional cloning in canine narcolepsy) and reverse (i.e., mouse gene knockout) genetics, the genes involved in the pathogenesis of narcolepsy (hypocretin/orexin ligand and its receptor) in animals have been identified. Hypocretins/orexins are novel hypothalamic neuropeptides also involved in various hypothalamic functions such as energy homeostasis and neuroendocrine functions. Mutations in hypocretin-related genes are rare in humans, but hypocretin-ligand deficiency is found in many narcolepsy-cataplexy cases. In this review, the clinical, pathophysiological and pharmacological aspects of narcolepsy are discussed.
Introduction
Gélineáu first coined the term "narcolepsy" in 1880 with the complete description of a patient with excessive daytime sleepiness (EDS), sleep attacks and episodes of muscle weakness triggered by emotions (1) . In the current international classification, narcolepsy is characterized by "excessive daytime sleepiness that is typically associated with cataplexy (i.e., narcolepsy with cataplexy) and/or with abnormal rapid eye movement (REM) sleep phenomena such as sleep paralysis and hypnagogic hallucinations". Narcolepsy is a chronic neurological condition but is not a progressive disorder (2, 3) .
Narcolepsy is an under-diagnosed sleep disorder that affects 0.03 to 0.16% of the general population in various ethnic groups (4) (5) (6) . Most cases of human narcolepsy are sporadic; however, genetic predisposition and environmental factors are important for the development of narcolepsy, and a few familial cases (up to 5%) of human narcolepsy have also been reported (7) .
Narcolepsy is mainly treated with pharmacological compounds. EDS is typically treated using central nervous system (CNS) stimulants and/or modafinil, and these compounds are effective nishino@stanford.edu, Tel : (650) 723-3724, Fax : (650) in reducing daytime sleepiness but have little effect on cataplexy, hypnagogic hallucinations and sleep paralysis (8) . Antidepressants (one of the most commonly used anticataplectic treatments) alleviate cataplexy and REM sleep abnormalities but have little effect on EDS (8) . Sodium oxybate, a newly approved hypnotic (or novel compound), effectively controls cataplexy while also helping relieve daytime sleepiness.
The major pathophysiology of human narcolepsy has been recently elucidated based on the discovery of narcolepsy genes in animals. Using forward (i.e., positional cloning in canine narcolepsy) and reverse (i.e., mouse gene knockout) genetics, the genes involved in the pathogenesis of narcolepsy (hypocretin/orexin ligand and its receptor) in animals have been identified (9, 10) . Hypocretins/orexins are novel hypothalamic neuropetides also involved in various hypothalamic functions such as energy homeostasis and neuroendocrine functions (11, 12) . Mutations in hypocretin-related genes are rare in humans, but hypocretin-ligand deficiency is found in many cases (13) (14) (15) , and this is manifested clinically as undetectable or low cerebrospinal fluid (CSF) hypocretin levels (14, 16) . This discovery is likely to lead to the development of new diagnostic tests and targeted treatments. Indeed, low CSF hypocretin levels (less 30% of mean control value) were included for the diagnostic criteria for narcolepsy in the second revision of the International Classification of Sleep Disorders (ICSD) (17) . Since hypocretins are involved in various hypothalamic functions, hypocretin-deficient narcolepsy now appears to be a more complex condition than just a simple sleep disorder (see (18) ). This review begins with an overview of the clinical aspects of human narcolepsy, followed by those in the canine model of narcolepsy, an update on the pathophysiology of narcolepsy (with emphasis on the role of the hypocretins), and pharmacological treatments of narcoleptic symptoms and their mechanisms. Finally, the expectations from future narcolepsy research will also be discussed.
Epidemiology

Prevalence of narcolepsy
The prevalence of narcolepsy has been investigated in several ethnic groups and countries. One of the most sophisticated prevalence studies was a Finnish cohort study consisting of 11,354 twin individuals (5) . All subjects who responded to a questionnaire with answers suggestive of narcolepsy were contacted by telephone. Clinical interviews were performed and polysomnographic recordings were then conducted in five subjects considered to be narcoleptic. Sleep-monitoring finally identified three narcoleptic subjects with cataplexy, thus leading to a prevalence of 0.026% (5) . All three subjects were dizygotic twins and the co-twins were not affected (5) . Other prevalence studies have led to similar prevalence values (0.02 to 0.067%) in Great Britain (19) , France (20) , the Czech Republic (21) , five European countries (22) and the United States (23, 24) .
A study performed in 1945 in African American navy recruits also led to 0.02% in this ethnic group for narcolepsy-cataplexy (25) . Narcolepsy-cataplexy may be more frequent in Japan and less frequent in Israel. Two population-based prevalence studies led to prevalence figures of 0.16% and 0.18% in Japan (6, 26) . However, these studies used only questionnaires and interviews but not polysomnography to confirm the diagnosis. In Israel, only a few narcoleptic patients have been identified when compared to the large population of subjects recruited into sleep clinics (27) . This has led to the suggestion that the prevalence of narcolepsy could be as low as 0.002% in this ethnic group.
The age of onset varies from early childhood to the fifties, with two peaks, a larger one that occurs at around 15 years of age and a smaller peak at approximately 36 years of age (28) . Similar results were found in two different populations but the reasons for the bimodal distribution remains obscure. Incidence of the disease was reported to be 1.37/100.000 per year (1.72 for men and 1.05 for women) in Olmsted County in Minnesota (24) . The incidence rate was highest in the second decade, followed in descending order by the third, fourth and first decade.
Genetic vs. environmental factors
A familial tendency for narcolepsy has long been recognized since its description in the late 19th century (29) . Starting in the 1940s, several studies were published, which investigated the familial history of small cohorts of narcoleptic probands (30) (31) (32) (33) (34) (35) (Table 2 ). Using standard diagnostic criteria, more recent studies have shown rates of familial cases as 4.3% in Japan (36) , 6% in the United States (7), 7.6% in France and 9.9% in Canada (28) . In addition to subjects who fulfill all diagnostic criteria for narcolepsy, other relatives may report only recurrent sleep episodes; they may suffer from an incomplete and milder form of the disease (37) . Studies also revealed that the risk of a first-degree relative developing narcolepsycataplexy is 1-2.0%, a risk 10 to 40 times higher than in the general population (37) (38) (39) .
On the other hand, 16 monozygotic (MZ) twin pairs with at least one affected twin have been reported in literature, and only four (or five, depending on the criteria) of these pairs were concordant for narcolepsy (38) . Although genetic predisposition is likely to be involved in the development of narcolepsy, the relatively low rate of concordance in narcoleptic MZ twins indicates that environmental factors also play a role in the development of the disease. The nature of the possible environmental factors involved is not yet fully understood. Frequently cited factors are head trauma (40) , sudden change in sleep/wake habits (41) or various infections (21) . While these factors may be involved, there are no documented studies demonstrating increased frequency when compared to control groups.
Clinical characteristics of narcolepsy
Excessive daytime sleepiness (EDS) and related symptoms
EDS and cataplexy are considered to be the two primary symptoms of narcolepsy, with EDS often being the most disabling symptom. EDS most typically mimics the feeling that people experience when they are severely sleep-deprived but may also manifest itself as chronic tiredness or fatigue. Narcoleptic subjects generally experience a permanent background of baseline sleepiness that easily leads to actual sleep episodes in monotonous sedentary situations. This feeling is most often relieved by short naps (15-30 min), but in most cases the refreshed sensation only lasts a short time after waking. The refreshing value of short naps is of considerable diagnostic value. Sleepiness also occurs in irresistible waves in these patients, a phenomenon best described as "sleep attacks". Sleep attacks may occur in very unusual circumstances, such as in the middle of a meal, a conversation or bicycle ride. These attacks are often accompanied by microsleep episodes (42) where the patient "blanks out". The patient may then continue his or her activity in a semi-conscious manner (writing or speaking incoherently, etc.), a phenomenon called automatic behavior (42) (43) (44) . Learning problems and impaired concentration are frequently associated with narcolepsy (42) (43) (44) (45) (46) , but psychophysiological testing is generally normal.
Sleepiness is usually the first symptom to appear, followed by cataplexy, sleep paralysis and hypnagogic hallucinations (2, 21, 36, 47, 48) . Cataplexy onset occurs within five years after the occurrence of daytime somnolence in approximately two-thirds of the cases (21, 36) . Less frequently, cataplexy appears many years after the onset of sleepiness. The mean age of onset of sleep paralysis and hypnagogic hallucinations is also two to seven years later than that of sleepiness (2, 49) .
In most cases, EDS and irresistible sleep episodes persist throughout the patient's lifetime, although symptoms often improve after retirement (possibly due to better management of activities), daytime napping and adjustment of nighttime sleep.
Cataplexy
Cataplexy is distinct from EDS and is pathognomonic of the disease (50) . The importance of cataplexy for the diagnosis of narcolepsy has been recognized since its description (51, 52) and in subsequent reviews on narcolepsy (53, 54) . Most authors now recognize patients with recurring sleepiness and cataplectic attacks as a homogeneous clinical entity, and this is now shown to be associated with hypocretin-deficiency (see the section on the pathophysiology of the disease). Cataplexy is defined as a sudden episode of muscle weakness triggered by emotional factors, most often in the context of positive emotions (such as laughter), and less frequently by negative emotions (most typically anger or frustration). All antigravity muscles can be affected, leading to a progressive collapse of the subject, but respiratory and eye muscles are not affected. The patient is typically awake at the onset of the attack but may experience blurred vision or ptosis. The attack is almost always bilateral and usually lasts a few seconds. Neurological examination performed at the time of an attack shows a suppression of the patellar reflex and sometimes Babinski's sign.
Cataplexy is an extremely variable clinical symptom (55) . Most often, it is mild and occurs as a simple buckling of the knees, head dropping, facial muscle flickering, sagging of the jaw or weakness in the arms. Slurred speech or mutism is also frequently associated. It is often imperceptible to the observer and may even be only a subjective feeling difficult to describe, such as a feeling of warmth or that somehow time is suspended (54, 55) . In other cases, it escalates to actual episodes of muscle paralysis that may last up to a few minutes. Falls and injury are rare and most often the patient will have time to find support or will sit down while the attack is occurring. Long episodes occasionally blend into sleep and may be associated with hypnagogic hallucinations.
Patients may also experience "status cataplecticus". This rare manifestation of narcolepsy is characterized by subintrant cataplexy that lasts several hours per day, and confines the subject to bed. It can occur spontaneously or more often upon withdrawal from anticataplectic drugs (47, 56, 57) .
Cataplexy often improves with advancing age. In rare cases, it disappears completely, but in most patients it becomes better controlled (probably after the patient has learned to control his emotions) (2,58).
Sleep Paralysis
Sleep paralysis is present in 20-50% of all narcoleptic subjects (21, 31, 59, 60) , and is often associated with hypnagogic hallucinations. Sleep paralysis is best described as a brief inability to perform voluntary movements at the onset of sleep, upon awakening during the night or in the morning. Contrary to simple fatigue or locomotion inhibition, the patient is unable to perform even a small movement, such as lifting a finger. Sleep paralysis may last a few minutes and is often finally interrupted by noise or other external stimuli. The symptom is occasionally bothersome in narcoleptic subjects, especially when associated with frightening hallucinations (61) .
Whereas EDS and cataplexy are the cardinal symptoms of narcolepsy, sleep paralysis occurs frequently as an isolated phenomenon affecting 5-40% of the general population (62) (63) (64) . Occasional episodes of sleep paralysis are often seen in adolescence and after sleep deprivation; thus, prevalence is high for single episodes.
Hypnagogic and hypnopompic hallucinations
Abnormal visual (most often) or auditory perceptions that occur while falling asleep (hypnagogic) or upon waking up (hypnopompic) are frequently observed in narcoleptic subjects (65) . These hallucinations are often unpleasant and are typically associated with a feeling of fear or threat (59, 61) . Polygraphic studies indicate that these hallucinations occur most often during REM sleep (59, 66) . These episodes are often difficult to distinguish from nightmares or unpleasant dreams, which also occur frequently in narcolepsy.
Hypnagogic hallucinations are most often associated with sleep attacks, and the patient can criticize the content of the hallucinations. The hallucinations are most often complex, vivid and dream-like experiences ("half sleep" hallucinations), and may follow episodes of cataplexy or sleep paralysis (a feature that is not uncommon in severely affected patients). These hallucinations are usually easy to distinguish from hallucinations observed in schizophrenia or related psychotic conditions.
Other important symptoms
One of the most frequently associated symptoms is insomnia, best characterized as a difficulty to maintain nighttime sleep. Typically, narcoleptic patients fall asleep easily, only to wake up after a short nap and unable to fall asleep again for an hour or so. Narcoleptic patients do not usually sleep more than normal individuals over the 24-hour cycle (67-69) but frequently have a very disrupted nighttime sleep (67) (68) (69) . This symptom often develops later in life and can be very disabling.
Frequently associated problems are periodic leg movements (70, 71) , REM behavior disorder, other parasomnias (72, 73) and obstructive sleep apnea (71, 74, 75) .
Narcolepsy was reported to be associated with changes in energy homeostasis several decades ago. Narcolepsy patients frequently (1) are obese (76, 77) , (2) have insulin-resistant diabetes mellitus (76) , (3) exhibit reduced food intake (78) and (4) have lower blood pressure and temperature (79, 80) . These findings, however, did not receive much attention since they were believed to be secondary to sleepiness or inactivity during the daytime. More recently, however, it was shown that these metabolic changes might be found more specifically in hypocretin deficient patients (14) , suggesting a direct pathophysiological link. Additional research in this area is warranted in order to clarify this association.
Narcolepsy is a very incapacitating disease. It interferes with every aspect of life. Additionally, the negative social impact of narcolepsy has been extensively studied, and patients experience impairments in driving and a high prevalence of either car-or machine-related accidents. Narcolepsy also interferes with professional performance, leading to unemployment, frequent changes of employment, worker's disability or early retirement (81) (82) (83) . Several subjects also develop symptoms of depression, although these symptoms are often masked by anticataplectic medications (43, 81, 84) .
Symptomatic narcolepsy/EDS
The symptoms of narcolepsy can also occur during the course of other neurological conditions (i.e., symptomatic narcolepsy). In a recent meta analysis, 116 symptomatic cases of narcolepsy were reported in the literature (cases meet with the ICSD criteria for narcolepsy and are also associated with a significant underlying neurological disorder that accounts for EDS and temporal associations) (85) . As several authors previously reported, inherited disorders (n=38), tumors (n=33), and head trauma (n=19) are the three most frequent causes for symptomatic narcolepsy. Of the 116 cases, 10 are associated with multiple sclerosis, one case of acute disseminated encephalomyelitis, and relatively rare cases were reported with vascular disorders (n=6), encephalitis (n=4), degeneration (n=1), and hererodegenerative disorder (autosomal dominant cerebrospinal ataxia with deafness, three cases in a family). EDS without cataplexy or any REM sleep abnormalities is also often associated with these neurological conditions, and defined as symptomatic cases of EDS.
Although it is difficult to rule out the comorbidity of idiopathic narcolepsy in some cases, a review of the literature reveals numerous unquestionable cases of symptomatic narcolepsy (85) . These include cases with human leukocyte antigen (HLA) negative and/or late onset, and cases in which the occurrences of the narcoleptic symptoms are parallel with the rise and fall of the causative disease. Interestingly, a review of these cases (especially those with brain tumors), illustrates clearly that the hypothalamus is most often involved (see (85) ).
Idiopathic hypersomnia and other primary EDS
Less common forms of hypersomnia include the idiopathic and recurrent hypersomnias (86) . Idiopathic hypersomnia is marked by excessive nocturnal sleep of good quality, and by EDS which is not as severe as in the narcoleptic patients (but not refreshing after naps) though not REM sleep-related ( Table 1 ). The best characterized recurrent hypersomnia is the KleineLevin syndrome, a pervasive functional disorder of the hypothalamus characterized by hypersexuality, binge eating, and irritability associated with periods of EDS and sleep periods as long as 18-20 hours (87, 88) . For details of clinical symptoms and treatments of these primary EDS, refer to Black et al. (86) .
Diagnosis
Polysomnography, nocturnal and daytime sleep evaluations
The clinical diagnosis is based on the presence of EDS and/or sudden onsets of sleep occurring almost daily during a period of at least six months and on the presence of a clear clinical history of cataplexy (89) . In the current International Classification of Sleep Disorders (17) , diagnosis (i.e., narcolepsy without cataplexy) can be made in the presence of EDS without cataplexy, if one associated symptom (including sleep paralysis, hypnagogic hallucinations, automatic behaviors and/or disrupted sleep) is present together with the following polygraphic abnormalities: average sleep latency < 8 min, or presence of two sleep-onset REM periods (SOREMPs) during the multiple sleep latency test (MSLT) . Sleep prior to the MSLT must be at least six hours. (see Table 1 ). The regular MSLT consists of five naps, scheduled at twohour intervals starting between 9 and 10 am (90) (91) (92) . The test is terminated after a sleep period of 15 minutes or after 20 minutes if the patient did not fall asleep. SOREMPs are defined as the occurrence of REM sleep within 15 minutes after sleep onset.
A nocturnal polysomnogram is useful for eliminating other possible causes of EDS such as periodic leg movements and obstructive sleep apnea. The diagnosis of upper airway resistance syndrome must also be very carefully considered. An MSLT is generally performed the following day. Sleep efficiency during nocturnal polysomnography may be normal or low.
The American Sleep Disorders Association recommends that an MSLT be performed for all patients suspected of narcolepsy (93) . The diagnostic value of the MSLT for narcolepsy has, however, been recently questioned by some authors (94, 95) . First, approximately 15% of narcoleptic subjects with clear-cut cataplexy do not have a short sleep latency and/or more than two SOREMPs during a single MSLT (16, 95) . Conversely, a small number of patients with abnormal breathing may display typical narcolepsy-like MSLT results. As the prevalence of upper airway resistance syndrome and sleep apnea is 100 times greater than those with narcolepsy-cataplexy, false positives may be frequent if the test is interpreted without carefully excluding all other causes of EDS (96) .
In a number of countries, the MSLT is not commonly performed, especially if clear-cut cataplexy is present. Some investigators rely on the presence of SOREMPs during a singlenight recording, an abnormality present in less than half of narcoleptic patients with cataplexy. A single daytime nap study is also used by some to analyze for the presence of a SOREMP or short sleep latency (97) (98) (99) . Other groups have advocated the use of continuous 24-hour or 36-hour polysomnographic recordings (100), or ambulatory electroencephalographic (EEG) polygraphic recordings (101) , but most investigators have found that the MSLT is more predictive than all of the above-mentioned tests for diagnosing narcolepsy.
Other polygraphic methods have been developed to measure EDS in narcolepsy, such as the sleep latency on the maintenance of wakefulness test (MWT) (102) . The major difference with the MSLT is the instruction given to the subject. In a MWT the subject is told to attempt to remain awake. Generally, this testing method is not used for the diagnosis but rather to assess the effect of treatment with psychostimulants (103).
Biological/diagnostic markers
In addition to these clinical and polysomnographic criteria, HLA typing showing the association with HLA DQB1*0602 is supportive of the diagnosis, but the specificity of DQB1*0602 positivity is low (38) . Today, CSF hypocretin-1 measurement has become a major positive diagnostic tool in the diagnosis of narcolepsy-cataplexy (16, 104) , and low CSF hypocretin levels (110 pg/ml, one-third of mean control value) are included in the diagnostic criteria of narcolepsy in the second revision of ICSD (see the section of pathophysiology) (17).
Differential diagnosis
Narcolepsy is often misdiagnosed as a psychiatric condition or as an epilepsy variant. It may also be confounded with other forms of hypersomnia, such as sleep apnea syndrome, idiopathic hypersomnia or hypersomnia associated with depression. The presence of cataplexy is the key factor to single out narcolepsy from the other forms of hypersomnia. However, when cataplexy is predominant, narcolepsy can be misdiagnosed as syncopes, drop attacks, atonic attacks or attacks of a histrionic nature (some well-informed individuals may mimic the symptoms of narcolepsy in order to benefit from a disability leave from work or to obtain a prescription of psychostimulants). Narcolepsy without cataplexy may overlap with idiopathic hypersomnia, a heterogeneous disorder of chronic sleepiness (105) . By definition, patients with idiopathic hypersomnia lack cataplexy and have less than two SOREMPs on the MSLT (Table 1) . Some of these individuals have deep, excessively long periods of sleep, difficulty waking from sleep, and long unrefreshing naps, but many have symptoms similar to narcolepsy (105,106).
Canine narcolepsy
In 1972, the Stanford Sleep Research Center (directed by Dr. William C. Dement) hosted an educational exhibit about human narcolepsy at the annual convention of the American Medical Association in San Francisco. As part of the exhibit, a film clip of narcoleptic patients having cataplexy was shown, and one member of the audience (a faculty member from the school of veterinary medicine at UC-Davis) mentioned that he took care of a dog that had the same attacks. Unfortunately, the dog had been euthanized since it was believed to be affected with refractory epilepsy. However, film clips of cataplectic attacks from this dog remained. Dr. Dement started to use those film clips along with those of human cataplexy for his lectures, including the one at the annual meetings of American Academy of Neology in Boston in 1973. After that lecture, a neurologist talked to Dr. Dement and mentioned that one of his friends had a dog that showed similar attacks. The dog was a miniature French Poodle named Monique, and was donated to Stanford. Monique revealed that the emotion of eating triggered multiple flaccid paralyses, and using surface electrodes, the loss of electromyogram (EMG) activities was observed during the attacks. An EEG was found to be normal, without any signs of an epileptic seizure, but showing patterns of typical of REM sleep and/or wakefulness (107) . This together with an independent report of a narcoleptic dachshund dog by Knecht et al. (108) confirmed the existence of narcolepsy in dogs. In 1976, four narcoleptic Dobermans were obtained, and a breeding program for these dogs was initiated (109) . Subsequently, it was demonstrated that narcolepsy in Dobermans (and Labradors) was transmitted with single autosomal recessive gene, named canarc-1, while the disease in other breeds was sporadic (109) . With these multiple narcoleptic dogs, the Stanford Canine Narcolepsy Colony was established, and a breeding program for narcoleptic dogs was initiated (109) (see the section of inheritance of narcolepsy in canines) ( Table 2 ).
Symptoms of canine narcolepsy
Affected dogs exhibit very pronounced attacks of cataplexy (which are mainly triggered by positive emotional experiences), such as being fed a favorite food or engaging in play. Cataplectic attacks in dogs often begin as a buckling of both hind legs, and this is often accompanied by a drooping of the neck (see Fig. 1 ). The dog may collapse to the floor and remain motionless for a few seconds or several minutes. In contrast to the some forms of epilepsy, excess salivation or incontinence are not observed during cataplectic attacks. During long cataplectic attacks, rapid eye movements, muscle twitching and/or slow repetitive movement of the fore and hind limbs may occur. These phenomena are related to the active phase of REM sleep. The muscle is always flaccid and never stiff during cataplectic attacks, and this is also different from most forms of seizure attacks. Dogs usually remain conscious (especially at the beginning of attacks) with eyes open and are capable of following moving objects with their eyes. If the attack lasts for an appreciable length of time (usually longer than 1 to 2 minutes), the dog may transit into sleep (often REM sleep). Dogs are often easily aroused out of an attack either by a loud noise or by being physically touched. Like narcoleptic humans, narcoleptic dogs are sleepier (fall asleep much more quickly) during the day. However, this was not noticeable at in usual circumstances, because even normal dogs take multiple naps during the daytime. While hypnagogic hallucinations and sleep paralysis may also occur in these dogs, there is no objective way to determine this at the present time.
A series of polygraphic studies clearly demonstrated that the dog's sleep/wake pattern is very fragmented and its wake/sleep bouts much shorter than age-and breed-matched dogs, and the narcoleptic dogs change their sleep states more frequently than they change their vigilance states ( Fig. 2) (110) (111) (112) . In other words, narcoleptic subjects could not maintain long bouts of wakefulness and sleep. By systematic polygraph assessments with multiple daytime nap tests, it was demonstrated that narcoleptic Dobermans showed shortened sleep latency and reduced latency to REM sleep ( Fig. 2) (110) suggesting that these dogs have very similar phenotype to those in human narcolepsy.
Inheritance of narcolepsy in canines
Unrelated narcoleptic Poodles, Beagles and Dachshunds donated to Stanford were bred, but none of the offspring from two primary crosses or a backcross were affected (113) . Thus, it appears that in those breeds narcolepsy seems to be sporadic and involvement of a highpenetrant single major gene is unlikely. In humans, about 95% of narcoleptic subjects are sporadic, but familial occurrences were noted in about 5% of narcoleptic subjects (38) ( Table  2 ). In 1976, the Stanford Sleep Research Center received four affected Dobermans (including two littermates) (109) . These dogs were also bred, and it was discovered that all offspring from the two affected parents developed cataplexy around two months old. In 1978, familial narcolepsy in a Labrador retriever was also discovered (109) . Thereafter, more sporadic cases of canine narcolepsy were identified in Collies, Dachshunds, Beagles, Fox Terriers and in several mixed breeds (109) .
Genetic transmission in Dobermans and Labradors has been well established as autosomal recessive with full penetrance (109, 114) . Puppies born from narcoleptic Doberman PinscherLabrador Retriever crosses are all affected. Thus, both breeds are likely to have mutations at the same locus, coined canarc-1. (109, 114) . As in human cases (89) , the disease onset in familial cases is earlier than in sporadic cases (113, 115) . In sporadic cases, the disease (cataplexy onset) begins as early as seven weeks and as late as seven years old (113) , suggesting the acquired nature of the disease in these cases. In Dobermans, affected dogs display spontaneous complete cataplexy as early as four weeks, but almost always by six months (109, 115) . Symptom severity increases until 5-6 months of age (with females being more affected during development), and it appears to decrease slowly and then remain stable through old age (115, 116) .
Genetic canine narcolepsy was thought to be an invaluable model in searching for narcolepsy genes since it is possible that the canine narcolepsy gene (its equivalent or genes with a functional relationship with the canine narcolepsy gene) may also be involved in some human cases.
Pathophysiology of narcolepsy
Pathophysiological consideration of the symptoms of narcolepsy
The similarity between cataplexy and REM sleep atonia (the presence of frequent episodes of hypnagogic hallucinations and of sleep paralysis, and the propensity for narcoleptics to go directly from wakefulness into REM sleep [i.e., SOREMPs]), suggests that narcolepsy is primarily a "disease of REM sleep" (117) . This hypothesis may, however, be too simplistic and does not explain the presence of sleepiness during the day and the short latency to both NREM and REM sleep during nocturnal and nap recordings. Another complementary hypothesis is that narcolepsy results from the disruption of the control mechanisms of both sleep and wakefulness or, in other words, of the vigilance-state boundary problems (118) . According to this hypothesis, a cataplectic attack represents an intrusion of REM sleep atonia during wakefulness, while the hypnagogic hallucinations appear as dream-like imagery taking place in the waking state, especially at sleep onset in patients who frequently have SOREMPs.
Cataplexy is associated with an inhibition of the monosynaptic H-reflex and the polysynaptic deep tendon reflexes (50) . In control subjects, it is only during REM sleep that the H-reflex is totally suppressed. This finding highlights the relationship between the inhibition of motor processes during REM sleep and the sudden atonia and areflexia seen during cataplexy. Studies in canine narcolepsy, however, suggest that the mechanisms for the induction of cataplexy are different from those for REM sleep (110) . Furthermore, an extended human study confirmed that cataplexy correlates much more highly to hypocretin-deficient narcolepsy (see below), in contrast to other REM sleep-related phenomena (16) . Cataplexy may, thus, be viewed as somewhat distinct from other REM-related symptoms and as a hypocretin-deficiency pathological phenomenon. The fact that patients with other sleep disorders, such as sleep apnea, and even healthy controls, can manifest SOREMPs, hypnagogic hallucinations, and sleep paralysis when their sleep/wake patterns are sufficiently disturbed, yet these subjects never develop cataplexy, provides further support to the proposal that cataplexy may be unrelated to other REM-associated symptoms (19, 63, 119, 120) . Although cataplexy and REM sleep atonia have great similarity and possibly share a common executive system, it is not necessary for the regulatory mechanism of both states to be identical. The mechanism of emotional triggering of cataplexy remains undetermined.
HLA typing in narcolepsy and other susceptible genes
In Japan, 1984, Juji et al. (121) reported that 100% of narcoleptics were positive for HLA DR2, and a close association subsequently was confirmed in Europe (122, 123) and also in North America (124) . However, several DR2-negative cases have also been reported, suggesting the presence of other predisposing genes (125) (126) (127) . The HLA gene complex maps on short arm of the chromosome six. It is divided into three subregions: HLA class I, II, and III. HLA plays a key role in the recognition and processing of foreign antigens by the immune system. HLA DR2 is implicated in several autoimmune diseases such as insulin-dependent diabetes mellitus, and multiple sclerosis (see the section of narcolepsy and immune system). More specific antisera were used to better characterize HLA DR2, and it was shown that the serological haplotype, DR15-DQ6 (DR2-DQw1 subtype) was associated with narcolepsy (128) . Furthermore, the amplification of the polymorphic exon (second exon) of the HLA DQA and DQB genes by polymerase chain reaction has shown that all Caucasian narcoleptic subjects have the same alleles DRB1*1501, DQA1*0102 and DQB1*0602 (129) . However, in African American narcoleptics the susceptibility to narcolepsy is more closely associated with the DQ6 subtype than with the DR15. In fact, only 70% of African American narcoleptics are DR15 positive, whereas they are almost all positive for the DQ6 (130) (131) (132) (133) . The most specific marker of narcolepsy in a number of different ethnic groups studied to date is DQB1*0602 (38) .
Studies of HLA association were also conducted in narcoleptic subjects without cataplexy. An association with DQB1*0602 was found in only 40.9% of cases. This result clearly shows the close association between DQB1*0602 and the presence of cataplexy (132) . In normal subjects, a significant reduction in REM sleep latency was noted when they were DQB1*0602 positive (38) . Furthermore, HLA-DQB1*0602 homozygosity doubles to quadruples the risk for narcolepsy (134) , and the relative risk for narcolepsy varies in DQB1*0602 heterozygote subjects according to the second allele located in trans to DQB1*0602 (135).
However, it was reported that approximately 25% of familial narcoleptic cases (including narcoleptic subjects and subjects presenting only recurrent isolated sleep episodes) are negative for DQB1*0602 (136) , supporting the existence of one or more genes with high penetrance not associated with HLA. These genes could be located using systematic genome screening methods in extended families. The single published study showed a significant link in 4q13-q21 (lod score of 3.09) in eight small multigenerational families of narcoleptics, which favors the implication of other genes such as the CLOCK gene and the GABA β-1 receptor gene in these families (137) . The candidate gene strategy has also been used. Along this line, it has been reported that the tumor necrosis factor-alpha gene with thymine residue at position −857 in its promoter region (TNF-alpha[−857T]) are associated with human HLA-DRB1*1501-positive (138) and -negative narcolepsy (139) . In addition, a different distribution of the catechol-O-methyl transferase genotype, a key enzyme in dopaminergic and noradrenergic degradation, was found as well as a correlation between this phenotype and the severity of narcolepsy in female narcoleptic subjects (140).
Dog leukocyte antigen (DLA) and canine narcolepsy
Since human narcolepsy-cataplexy is specifically associated with the HLA gene HLA DQ*0602 (and DR15), three populations of dogs were tested to determine whether a specific DLA allele was present in affected animals as in narcoleptic humans. These included genetically narcoleptic Doberman Pinschers and Labrador Retrievers, and small breed dogs with sporadic narcolepsy. Unlike humans, narcoleptic dogs tested do not share any single DLA locus reactivity, suggesting that a specific MHC class II haplotype is not a requirement for the disease (141) ( Table 2) . In further experiments, a human HLA-DRb hybridization probe was used on DNA from narcoleptic dogs to determine whether there was an association between the DLA allele and susceptibility to narcolepsy (142) . This probe detected polymorphisms in both Doberman Pinschers and Labrador Retrievers. Results of this study also excluded the possibility of a close linkage between DLA and the canarc-1 locus in these narcoleptic dogs (142) . However, it now appears that more extensive studies including other DLA regions, specifically in "sporadic dogs," examine the involvement of histocompatibility mechanisms in the development of hypocretin ligand-deficient narcolepsy in this species.
Narcolepsy and Immune System
An abundant amount of research into the HLA association in narcolepsy has already been conducted and has yielded important discoveries. However, the research has yet to provide clinically meaningful information. This work, therefore, is only very briefly addressed in this review. A remarkably high HLA association with narcolepsy was discovered in the early 1980s (121) . Since the time of this initial finding, a variety of research across multiple ethnic groups has corroborated the existence of this strong HLA association. The most specific marker of narcolepsy in a number of different ethnic groups studied to date is DQB1*0602 (38) . This association is seen in an average of approximately 90% of those with unequivocal cataplexy (132) . Importantly, this association is substantially lower (approximately 40%) in individuals who have narcolepsy without cataplexy ( Table 1 ).
The strong association between HLA type and narcolepsy with cataplexy raises the possibility that narcolepsy is an autoimmune disease (143) . Some earlier studies testing a variety of serological tests in narcoleptics yielded higher levels of antistreptolysine 0 and anti-DNase antibodies in narcoleptics than in controls (144, 145) . There is, however, no strong evidence of the inflammatory processes or immune abnormalities associated with narcolepsy (143) , and studies have found no classical auto-antibodies and no increase in oligoclonal CSF bands in narcoleptics (146) . Typical autoimmune pathologies (e.g., erythrocyte sedimentation rates, serum immunoglobulin levels, C-reactive protein levels, complement levels and lymphocyte subset ratios) are apparently normal in narcoleptic patients (147) . Recent studies by Black et al. examined the presence of many neuron-specific and organ-specific auto-antibodies, but any auto-antibody was not associated with narcolepsy patients (HLA DQB1*0602-positive andnegative) (148) . Furthermore, the same authors tested for immunoglobulin (Ig)G reactive to preprohypocretin and its major cleavage products (including hypocretin 1 and 2) in serum or CSF in DQB1*0602-positive narcoleptic subjects with cataplexy, but no evidence for IgG reactive to preprohypocretin or its cleavage products was found in narcoleptic subjects (149).
Discovery of canine narcolepsy gene (canarc-1)
Screening of genetic markers, including mini-satellite probes and functional candidate gene probes, revealed that canarc-1 cosegregates with a homolog of the switch region of the human immunoglobulin μ heavy-chain gene (Sμ) (114) . The genuine Sμ segments are involved in a complex somatic recombination process, allowing individual B cells to switch immunoglobulin classes upon activation (see (114) ). Fluorescence in situ hybridization (FISH) indicates that canarc-1 is located on a different canine chromosome from the canine immunoglobulin switch loci (150) . Sequence analysis of the Sμ-like marker indicates that the Sμ-like marker has high homology to the true gene but is not a functional part of the immunoglobulin switch machinery (151) . Thus, positional cloning of the region where the Sμ-like marker is located was initiated.
After 10 years of research, canarc-1 was finally identified, and narcolepsy in Dobermans and Labradors was found to be caused by a mutation in the hypocretin receptor 2 gene (Hcrtr 2) (Fig. 3) ( Table 2 ). The mutations in Dobermans and Labradors were found in the same gene, but different locus, and both mutations cause exon skipping deletions in the Hcrtr 2 transcripts and the loss of function of Hcrtr 2, and, thus, impairs postsynaptic hypocretin neurotransmission. Therefore, it appears that these mutations occur independently in both breeds. Another mutation in Hcrtr 2 (152) was also found in a new narcoleptic family of
is not yet known.
Almost simultaneously (along with the discovery of the canine narcolepsy gene), a report that preprohypocretin (preproorexin) knockout mice also exhibited a narcolepsy-like phenotype, including sleep fragmentation and episodes of behavioral arrest similar to cataplexy in canine narcolepsy (9) , was made by a group led by Dr. Yanagisawa (Table 2) . Considering how similar human and canine narcolepsy are at the phenotypic level, it was thought that abnormalities in the hypocretin system are likely to be involved in some human cases, either at the functional or the genetic level.
Hypocretin (orexin) transmission and human narcolepsy
Mutation screening of hypocretin-related genes in human narcolepsy
After extensive screening (especially in familial and early-onset human narcolepsy), it was demonstrated that mutations in hypocretin-related genes are rare: only a single case with earlyonset (6 months of age) was found to be associated with a single-point mutation in the preprohypocretin gene (15) ( Table 2 ). This result was, however, not surprising, considering the fact that a large majority of human narcolepsy cases are sporadic. Even in rare familial cases of narcolepsy, it is unlikely that a high-penetrant single gene (like hypocretin-relatedgenes) is involved.
Hypocretin deficiency in human narcolepsy
Despite the lack of genetic abnormalities in the hypocretin system, it was found that the large majority (85-90%) of patients with narcolepsy-cataplexy have low or undetectable hypocretin-1 ligand in their CSF (13, 14) (Fig. 4) . Postmortem human studies (utilizing a few brains) have confirmed hypocretin-ligand deficiency (both hypocretin 1 and 2) in the narcoleptic brain (15, 153) (Fig. 4) ( Table 2) .
Hypocretin deficiency has also been observed in sporadic cases of canine narcolepsy (7 out of 7 currently studied; the results of 4 cases are reported), suggesting that the pathophysiology in these animals mirrors that of most human cases (154) ( Table 2) .
Such low levels of CSF hypocretin-1 are relatively specific for narcolepsy-cataplexy but are also seen in a few other neurological conditions, such as a subset of patients with GuillainBarré syndrome and Ma2 positive paraneoplastic syndrome (155, 156) . Since these conditions are clinically distinct from narcolepsy, low CSF hypocretin levels in these conditions do not confound their diagnostic values.
Among the patients with narcolepsy (and its spectrum) and other hypersomnias, hypocretin deficiency is closely associated with the occurrence of cataplexy and HLA-DQ1*0602 among narcoleptic subjects (16, 157, 158) (Fig. 6 ).
It should be also noted that even when a very strict criteria for cataplexy is applied, about 10% of narcolepsy-cataplexy patients have normal CSF hypocretin-1 (14,16,158) . Whether or not hypocretin neurotransmission is abnormal in these rare cases is presently unknown. Considering the fact that hypocretin production and hypocretin neurons appeared to be normal in Hcrtr 2-mutated narcoleptic Dobermans (154), it is possible that deficiencies in hypocretin receptors and a downstream pathway may exist in some of these patients. However, this cannot be currently tested.
Diagnostic value of CSF hypocretin-1 measures and general considerations of the assay
When used to assess patients for narcolepsy, low CSF hypocretin-1 appears to be a more specific test than the MSLT and CSF hypocretin-1 levels (Table 1) . Therefore, low CSF hypocretin-1 levels (less than 110 pg/ml) were also included for the second revision of ICSD (17) . Previously, no specific and sensitive diagnostic test for narcolepsy based on the pathophysiology of the disease was available, and the final diagnosis was often delayed for several years after the disease onset, typically adolescence (83) . Many patients with narcolepsy and related EDS disorders are, therefore, likely to obtain immediate benefit from this new specific diagnostic test. Furthemore, hypocretin agonists may be promising in the treatment of narcolepsy (see the section for the future directions).
CSF hypocretin-1 levels are currently measured by the direct radioimmunoassay (RIA) (in 100 μl) without any extraction. Hypocretin-1 signals in the CSF were very stable, and the levels measured by RIA were not altered in the CSF samples that were frozen and thawed up to six times nor in the CSF samples kept at room temperature for 72 hours (159). Although it was not fully determined whether the levels measured by RIA correspond to their biological activities of hypocretin-1 in the CSF samples (especially if CSF samples were kept under varied conditions), the "net" immunoreactive-hypocretin signals (without consideration of their biological activities) may be sufficient for the diagnostic purpose of hypocretin-deficient narcolepsy. There was also no concentration gradient in hypocretin-1 levels up to 12ml in human lumbar CSF (159), making no strict selection of the CSF fraction for this diagnostic test. Thus, most of the authors are currently using direct assay for measuring CSF hypocretin-1 levels for diagnostic purposes.
Nevertheless, a large inter-assay variation of RIA is still the one of the major concerns. In our experience, the variation was as high as 20% even in short-term assessments and up to 100% for long-term assessments. Therefore, the standardization of the assay condition is critical (see detail in Nishino (160)). It is recommended that all comparative samples (most typically control human CSF samples) be run in a single RIA. If this is not possible, reference samples (such as stock CSF samples with known hypocretin-1 values), in addition to the peptide standard, should be included in each assay and the values adjusted accordingly. In this regard, we suggest using 30% of the normal CSF hypocretin value obtained in the same lab (rather than the published values) as the cut-off point for the diagnosis of the hypocretin-deficient condition.
At the 5th International Symposium on Narcolepsy (Ascona, 2004), the standardization of CSF hypocretin measures was discussed during a workshop for the diagnostic guideline for narcolepsy. The panel discussed the possibility of providing (1) monoclonal antibody and RIA development kits, (2) hypocretin standards, and (3) reference CSF samples (ideally 2 different concentrations, such as 150 and 300 pg/ml) to the worldwide laboratories that carry out the assay.
Symptomatic cases of narcolepsy and EDS, and the hypocretin system
CSF hypocretin-1 measurements were also carried out in a limited number of symptomatic cases of narcolepsy/EDS, including narcolepsy/EDS associated with tumors (n=5), head trauma (n=3), vascular disorders (n=5), encephalopathies (n=3), degeneration (n=30), demyelinating disorder (n=7), genetic/congenital disorders (n=11) and others (n=2) (85) .
Reduced CSF hypocretin-1 levels were seen in most symptomatic narcolepsy cases of EDS with various etiologies and EDS in these cases is sometimes reversible with an improvement of the causative neurological disorder and an improvement of the hypocretin status, such as acute disseminated encephalomyelitis (ADEM) and multiple sclerosis cases (161) (162) (163) (164) . It is also noted that some symptomatic EDS cases (with Parkinson's disease and thalamic infarction) appeared, but they are not linked with hypocretin ligand deficiency (104, 165, 166) . In contrast to idiopathic narcolepsy cases, an occurrence of cataplexy is not closely associated with hypocretin ligand deficiency in symptomatic cases (85) .
Since CSF hypocretin measures are still experimental, cases with sleep abnormalities/cataplexy are habitually selected for CSF hypocretin measures and should be further studied if all or a large majority of cases with low CSF hypocretin-1 levels with CNS interventions exhibit EDS/ cataplexy.
Hypocretin /orexin system and sleep regulation
Hypocretins/orexins were only recently discovered (in 1998, one year prior to the cloning of the canine narcolepsy gene) by two independent research groups. One group called the peptides "hypocretin" because of their primary hypothalamic localization and similarities with the hormone "secretin" (12) . The other group called the molecules "orexin" after observing that central administration of these peptides increased appetite in rats (11) .
Hypocretins/orexins (hypocretin-1 and hypocretin-2/Orexin A and Orexin B) are cleaved from a precursor preprohypocretin (prepro-orexin) peptide (11, 12) . Hypocretin-1 with 33 residues contains four cysteine residues forming two disulfide bonds. Hypocretin-2 consists of 28 amino acids and shares similar sequence homology especially at the C-terminal side but has no disulfide bonds (a linear peptide) (11) (Fig. 5) . There are two G-protein-coupled hypocretin receptors, Hcrtr 1 and Hcrtr 2, also called orexin receptor 1 and 2 (OX 1 R and OX 2 R), and distinct distribution of these receptors in the brain is known: Hcrtr 1 is abundant in the locus coeruleus (LC). Hypocretin Hcrtr 2 is found in the tuberomamillary nucleus (TMN) and basal forebrain. Both receptor types are found in the midbrain raphe nuclei and mesopontine reticular formation (167) (Fig. 5) .
Hypocretins-1 and -2 are produced exclusively by a well-defined group of neurons localized in the lateral hypothalamus. The neurons project to the olfactory bulb, cerebral cortex, thalamus, hypothalamus and brainstem, particularly the LC, raphe nucleus and to the cholinergic nuclei (the laterodorsal tegmental and pedunculopontine tegmental nuclei) and cholinoceptive sites (such as pontine reticular formation) thought to be important for sleep regulation (168) (Fig. 5). A series of recent studies have now shown that the hypocretin system is a major excitatory system that affects the activity of monoaminergic (dopamine [DA], norepinephrine [NE], serotonin and histamine) and cholinergic systems with major effects on vigilance states (169, 170) (Fig. 5) . It is, thus, likely that a deficiency in hypocretin neurotransmission induces an imbalance between these classical neurotransmitter systems, with primary effects on sleepstate organization and vigilance. Indeed, DA and/or NE contents have been reported to be high in several brain structures in narcoleptic Dobermans and in human narcolepsy postmortem brains (8, 171) . These changes are possibly due to compensatory mechanisms, since the drugs that enhance dopaminergic neurotransmission (such as amphetamine-like stimulants and modafinil [for EDS]) and NE neurotransmission (such as noradrenaline uptake blockers [for cataplexy]) are needed to treat the symptoms of narcolepsy (8) . Histamine is another monoamine implicated in the control of vigilance, and the histaminergic system is also likely to indirectly mediate the wake-promoting effects of hypocretin (172) (173) (174) . Interestingly, brain histamine contents both in Hcrtr 2-mutated and ligand-deficient narcoleptic dogs are dramatically reduced (175) . Furthermore, two impendent human studies also demonstrated that CSF histamine contents are significantly lower in hypocretin-deficient narcolepsy than those in controls (175, 176) . Interestingly, low CSF hypocretin levels were also observed in other primary hypersominias, such as narcolepsy without cataplexy and idiopathic hypersomnia (hypocretin non-deficient hypersomnias), but histamine levels in patients with sleep apnea are in the normal range (176) . Although the functional role of CSF histamine is not presently well understood, this finding is very interesting since altered central histamine transmission may be involved in broader categories of hypersomnia and is not limited to hypocretin-deficient narcolepsy. It is, thus, interesting to further evaluate the involvement of the histaminergic system in the pathophysiology of narcolepsy/EDS and therapeutic applications of histaminergic compounds (177) .
Many measurable activities (brain and body) and compounds manifest rhythmic fluctuations over a 24-hour period. Whether or not hypocretin tone changes with zeitgeber time was assessed by measuring extracellular hypocretin-1 levels in the rat brain CSF across 24-hour periods, using in vivo dialysis (178) (179) (180) . The results demonstrate the involvement of a slow diurnal pattern of hypocretin neurotransmission regulation (as in the homeostatic and/or circadian regulation of sleep). Hypocretin levels increase during the active periods and are highest at the end of the active period, and the levels decline with the onset of sleep. Furthermore, sleep deprivation increases hypocretin levels (178) (179) (180) .
Recent electrophysiological studies have shown that hypocretin neurons are active during wakefulness and reduce their activity during slow wave sleep (181, 182) . Neuronal activity during REM sleep is the lowest, but intermittent increases in the activity associated with body movements or phasic REM activity are observed (181, 182) . In addition to this short-term change, the results of microdialysis experiments also suggest that basic hypocretin neurotransmission fluctuates across the 24-hour period and slowly builds up toward the end of the active period. Adrenergic LC neurons are typical wake-active neurons involved in vigilance control, and it has been recently demonstrated that basic firing activity of wake-active LC neurons also significantly fluctuates across various circadian times (183) .
Several acute manipulations such as exercise, low glucose utilization in the brain, as well as forced wakefulness, increase hypocretin levels (169, 179, 184) . It is, therefore, hypothesized that a build-up/acute increase of hypocretin levels may counteract homeostatic sleep propensity that typically increases during the daytime and during forced wakefulness (179) . Due to the lack of increase in hypocretin tone, narcoleptic subjects may not be able to stay awake for prolonged periods and do not respond to various alerting stimuli. Conversely, reduction of the hypocretin tone at sleep onset may contribute to the profound deep sleep that normally inhibits REM sleep at sleep onset, and the lack of this system in narcolepsy may allow the occurrence of REM sleep at sleep onset.
Treatments and pharmacological aspects of narcolepsy
Non-pharmacological treatments (i.e., by behavioral modification) are often reported to be useful additions to the clinical management of narcoleptic patients (185) (186) (187) (188) . Regular napping usually relieves sleepiness for one to two hours (185) and is the treatment of choice for some patients, but this often has negative social and professional consequences. Exercising to avoid obesity, keeping a regular sleep-wake schedule, or having a supportive social environment (e.g., patient group organizations and support groups) is also helpful. In almost all cases, however, pharmacological treatment is needed, and 94% of patients reported using medications in a recent survey by a patient group organization (189).
Current pharmacological treatment for human narcolepsy
For EDS, amphetamine-like CNS stimulants or modafinil (nonamphetamine stimulant, mechanisms of action is debated) are used most often (Table 4) . These compounds possess wake-promoting effects in narcoleptic subjects as well as in control populations, but very high doses are required to normalize abnormal sleep tendency during daytime for narcolepsy (190) . For consolidating nighttime sleep, benzodiazepine hypnotics or gamma hydroxybutyrate (GHB) are occasionally used, and nighttime administration of GBH reduces EDS and cataplexy during the daytime (191, 192) . GHB was once classified as a schedule I control substance in 2000 but has been recently approved for the treatment of narcolepsy. Since amphetamine-like stimulants and modafinil have little effect on cataplexy, tricyclic antidepressants, such as imipramine or clomipramine, are used in addition to control cataplexy (8) . However, these compounds can cause a number of side effects, such as dry mouth, constipation or impotence. GHB is also used for the treatment of cataplexy, but the mechanisms of GHB are currently unknown. The antidepressants and GHB used are also effective for the other REM sleep phenomena.
Pharmacological control of cataplexy and EDS: Findings from the canine experiments
Along with the discovery of canarc-1, biomedical research in narcolepsy has been also greatly facilitated using narcoleptic canines (107, 113) . Based on the data obtained from the canine model, current understanding of the neuropharmacological control of cataplexy and excessive sleepiness (as well as some prospects for the new treatment of narcolepsy) is discussed. For more details on the neuropharmacological results, please refer to a review article by Nishino and Mignot (8).
REM Sleep/Cataplexy and Narcolepsy
After the discovery of SOREMPs in narcoleptic patients (193) , narcolepsy has often been regarded as a disorder of REM sleep generation. REM sleep usually appears 90 minutes after sleep onset and re-appears every 90 minutes in humans (30 minutes in dogs). Therefore, it was thought that in narcolepsy REM sleep can intrude in active wake or at sleep onset, resulting in cataplexy, sleep paralysis and hypnagogic hallucinations, and these three symptoms are often categorized as "dissociated manifestations of REM sleep" (see (8)). Abnormal generation of REM sleep might, therefore, be central to narcolepsy, but this has not been previously demonstrated experimentally. We have, therefore, analyzed the REM sleep and cataplexy cyclicity in narcoleptic and control canines to observe whether the cyclicity at which REM sleep occurs is disturbed in narcoleptic canines (110) . Interval histograms for REM sleep episodes revealed that a clear 30-minute cyclicity exists in both narcoleptic and control animals, suggesting that the system controlling REM sleep generation is intact in narcoleptic dogs. In contrast to REM sleep, cataplexy can be elicited any time upon emotional stimulation (i.e., no 30-minute cyclicity is observed) (110).
These results, together with the results of extensive human study, show that cataplexy is closely associated with hypocretin-deficient status (cataplexy appears now to be a unique pathological condition caused by a loss of hypocretin neurotransmission) (16) , suggesting that the mechanisms for the triggering of cataplexy and REM sleep are distinct. However, previous electrophysiological data has also demonstrated various similarities between REM sleep atonia and cataplexy (194) . Since H-reflex activity (one of the monosynaptic spinal electrically induced reflexes) profoundly diminishes or disappears during both REM sleep and cataplexy, it is likely that the motor inhibitory components of REM sleep are also responsible for the atonia during cataplexy (194) . Thus, the executive systems for the induction of muscle atonia during cataplexy and REM sleep are likely to be the same. This interpretation is also supported by the pharmacological findings that most compounds that significantly reduce or enhance REM sleep, reduce and enhance cataplexy, respectively. However, some exceptions, such as discrepant effects of D2/D3 antagonists on REM sleep and cataplexy, also exist (see below for more detail) (195) .
Monoaminergic and cholinergic Interactions and cataplexy
The importance of increased cholinergic activity in triggering REM sleep or REM sleep atonia is well established (see (196) ). Similarly, activation of the cholinergic systems using the acetylcholinesterase inhibitor physostigmine also greatly exacerbates cataplexy (197) . This cholinergic effect is mediated by muscarinic receptors since muscarinic stimulation aggravates cataplexy, while its blockade suppresses it, and nicotinic stimulation or blockade has no effect (197) .
Monoaminergic transmission is also critical for the control of cataplexy. All therapeutic agents currently used to treat cataplexy (i.e., antidepressants or monoamine oxidase inhibitors [MAOIs] ) are known to act on these systems. Furthermore, whereas a subset of cholinergic neurons are activated during REM sleep, the firing rate of monoaminergic neurons in the brainstem (such as in the LC and the raphe magnus) are well known to be dramatically depressed during this sleep stage (198, 199) . Using canine narcolepsy, it was recently demonstrated that adrenergic LC activity is also reduced during cataplexy (200) . In contrast, dopaminergic neurons in the ventral tegmental area (VTA) and substantia nigra do not significantly change their activity during natural sleep cycles (201, 202) .
Since cataplexy in dogs can be easily elicited and quantified, the canine narcolepsy model has been intensively used to dissect the mode of action of currently used anticataplectic medications. The most commonly prescribed anticataplectic mediations in humans are tricyclic antidepressants. These compounds, however, have a complex pharmacological profile that includes monoamine uptake inhibition (dopamine [DA], epinephrine, norepinephrine [NE] and serotonin ), anticholinergic, alpha-1 adrenergic antagonistic and antihistaminergic effects. It is, thus, difficult to conclude which one of these pharmacological properties is actually involved in their therapeutic effects.
We, therefore, first studied the effects of a large number (a total of 17 compounds) of uptake blockers/release enhancers specific for the adrenergic, serotonergic or dopaminergic system, and adrenergic uptake inhibition was found to be the key property involved in the anticataplectic effect (203) . Serotonergic uptake blockers were only marginally effective at high doses and the dopaminergic uptake blockers were completely ineffective. Interestingly, it was later found that these dopamine uptake inhibitors had potent alerting effects in canine narcolepsy (8) .
We also compared the effects of several antidepressants with those of their demethylated metabolites. Many antidepressant compounds (most typically tricyclics) are known to metabolize significantly by a hepatic first pass into their demethylated metabolites that have longer half-lives and higher affinities for adrenergic uptake sites (204) . During chronic drug administration, these demethylated metabolites accumulate (204) and can, thus, be involved in the drug's therapeutic action. The effects of five available antidepressants (i.e., amitriptyline, imipramine, clomipramine, zimelidine, and fluoxetine) were compared with those of their respective demethylated metabolites (i.e., nortriptyline, desipramine, desmethylclomipramine, norzimelidine and norfluoxetine) (205) . In all cases, the demethylated metabolites were found to be more active on cataplexy than were the parent compounds. We also found that the active dose of all anticataplectic compounds tested positively and correlated with the in vitro potency of each compound to the adrenergic transporter but not with that of the serotonergic transporter (205) . In fact, the anticataplectic effects were negatively correlated with the in vitro potency for serotonergic uptake inhibition, but this may be biased since potent adrenergic uptake inhibitors included in the study have a relatively low affinity to serotonergic uptake sites.
Although the results presented were obtained from inbred Hcrtr-2 mutated narcoleptic Dobermans, similar findings have been obtained in more diverse cases of sporadic canine narcolepsy in various breeds donated to our colony (see (197) ). Protryptiline and desipramine (two compounds with no significant serotonergic uptake-blocking properties) have also been shown to be very effective for the treatment of human cataplexy (186, (206) (207) (208) . Thus, the preferential involvement of the adrenergic system for the modes of action of anticataplectic effects of antidepressants, are suggested, regardless of the form of deficit in hypocretin neurontransmission (receptor mutation vs. hypocretin-ligand deficiency).
In order to dissect receptor subtypes that significantly modify cataplexy, more than 200 compounds with various pharmacological properties (cholinergic, adrenergic, dopaminergic, serotonergic, prostaglandins, opioids, benzodiazepines, GABA-ergics and adenosinergics) have also been studied in the narcoleptic canine model (see (8) for details). Although many compounds such as M2 antagonists, alpha-1 agonists, alpha-2 antagonists, dopaminergic D2/ D3antagonists, 5HT1a agonists, TRH analogs, prostaglandin E2, and L type Ca2+ channel blockers reduce cataplexy, very few compounds significantly aggravate cataplexy (8) . Since unpleasant side effects of drugs generally reduce cataplexy in these animals, we assume the cataplexy-aggravating effects are more specific. Stimulation of muscarinic M2 (non-M1) receptors significantly aggravates cataplexy, and among the monoaminergic receptors, stimulation of the postsynaptic adrenergic alpha-1b receptors (209) and presynaptic alpha-2 receptors (210) was also found to aggravate cataplexy, a result consistent with a primary adrenergic control of cataplexy. We also found that small doses of DA D2/D3 agonists significantly aggravated cataplexy and induced significant behavioral sedation/drowsy states in these animals (211, 212) . These pharmacological findings parallel neurochemical abnormalities previously reported in canine narcolepsy, namely significant increases in alpha-2 receptors in the LC (213), D2 receptors in the amygdala, nucleus accumbens (214) and M2 receptors in the pons (215) . To date, no other receptor ligands (i.e., adenosinergic, histaminergic or GABA-ergic) have been found to aggravate cataplexy, but thalidomide (an old hypnotic with an immunomodulatory property) significantly aggravates cataplexy, but the mechanisms involved in this effect are not presently known (216) .
The sites of action of D2/D3 agonists were also investigated by local drug perfusion experiments, and a series of experiments identified the acting sites for these compounds. These include dopaminergic nuclei or cell groups, such as the VTA (212), SN (217) and A11 (218) (a diencephalic DA cell group that directly project to the spinal ventral horn), suggesting a direct involvement of DA cell groups and DA cell body autoreceptors for the regulation of cataplexy. The cataplexy-inducing effects of D2/D3 agonists are, however, difficult to reconcile considering the fact that dopaminergic uptake blockers have absolutely no effect on cataplexy (203) . We believe that D2/D3 receptor mechanisms are more specifically involved in the control of sleep-related motor tonus (i.e., cataplexy or muscle atonia without phasic REM events) than those for active REM sleep. A recent finding in canine narcolepsy that sulpiride (a D2/D3 antagonist) significantly suppresses cataplexy but has no effect on REM sleep also supports this notion (195) . It should be also noted that D2/3 agonists are clinically used for the treatment of human periodic leg movements during sleep (PLMS) (219) . Involuntary leg movements during sleep are often associated with restless leg syndrome (RLS) and disturbed nighttime sleep. As reported in humans (220), narcoleptic Dobermans often exhibit PLMSlike movements (221) , and it appears that there may be an overlap in the pathophysiological mechanisms between cataplexy and PLMS, and the dopaminergic system (i.e., D2/D3 receptor mechanisms) may be specifically involved both symptoms.
The effects on cataplexy by cholinergic stimulation in various brain regions were also examined in narcoleptic and in control canines. Local injection or perfusion of carbachol (a predominantly muscarinic agonist) into the pontine reticular formation (PRF) was found to aggravate canine cataplexy in a dose-dependent fashion (222) . The results obtained in the PRF with cholinergic agonists were somewhat expected considering the well established role of the pontine cholinergic systems in the regulation of REM sleep and REM sleep atonia. Surprisingly, however, we also found that the local injection/perfusion of carbachol unilaterally or bilaterally into the basal forebrain (rostral to the preoptic area, in the vertical or horizontal limbs of the diagonal band of Broca and medial septum) dose-dependently aggravated cataplexy and induced long-lasting episodes of muscle atonia accompanied by desynchronized EEG in narcoleptic canines (223) . Physostigmine was also found to aggravate cataplexy when injected into the same site, thus suggesting that fluctuations in endogenous levels of acetylcholine in this structure may be sufficient to induce cataplexy (223) . The carbachol injections did not induce cataplexy in normal animals, but rather induced wakefulness.
The basal forebrain is anatomically connected with the limbic system, which is regarded as a critical circuit for integrating emotions. Furthermore, basal forebrain neurons are known to respond to the arousing property of appetitive stimuli (224) , which we use to induce cataplexy in narcoleptic dogs. Considering the fact that emotional excitation is an alerting stimulus in normal animals but induces cataplexy in narcoleptic animals, the basal forebrain may be involved in triggering a paradoxical reaction to emotions-atonia rather than wakefulness in narcoleptic animals. These results also suggest that more global brain structures (than those for REM sleep generation) are involved in the induction of cataplexy. Cataplexy is now demonstrated to be closely associated with the loss of hypocretin neurotransmission. Global and persistent cholinergic/monoaminergic imbalance due to the loss of hypocretin neurotransmission may be required for the occurrence of cataplexy, and cataplexy could not be induced simply by an increase in REM sleep propensity and/or vigilance state instability that occurs in various disease conditions (such as depression) or in some physiological conditions (such as REM sleep deprivation). The findings that REM sleep abnormalities and sleep fragmentation are often seen in other sleep disorders such as narcolepsy without cataplexy, sleep apnea, and even in healthy subjects when their sleep patterns are disturbed but who never develop cataplexy, further supports this hypothesis. The mechanism for emotional triggering of cataplexy remains to be studied, but multiple brain sites and multiple functional and anatomical systems are likely to be involved.
Dopaminergic transmission and EEG arousal
Narcoleptic Dobermans were also used for a series of pharmacological experiments to dissect modes of action of wake-promoting compounds. Amphetamine-like CNS stimulants currently used clinically for the management of sleepiness in narcolepsy enhance monoaminergic transmission presynaptically. However, these compounds also lack pharmacological specificity. In order to study the mode of action of these wake-promoting compounds on daytime sleepiness, the stimulant properties of several dopaminergic and adrenergic uptake inhibitors were quantified and compared to the effects of amphetamine and modafinil using four-hour daytime polygraphic recordings (225) . In spite of their lack of effect on cataplexy, all dopaminergic uptake inhibitors induced significant EEG arousal (Fig. 4) . In contrast, nisoxetine and desipramine, two potent adrenergic uptake inhibitors, had little effect on EEG arousal but significantly suppressed REM sleep. Furthermore, the in vivo potency of DA uptake inhibitors on EEG arousal correlates well with their in vitro affinity to the DA transporter (DAT), but not to the norepinephrine transporter (NET). These results are consistent with the hypothesis that the presynaptic modulation of dopaminergic transmission is a key property mediating the EEG arousal effects of these compounds. Interestingly, we also found that modafinil binds to the DAT site with low affinity (225, 226) , similar to the affinity range for amineptine (a DA uptake-inhibitor which also enhances EEG arousal in our model). Thus, the DAT binding property may also contribute to the stimulant properties of modafinil. We recently demonstrated that the wake-promoting effect of modafinil and amphetamine were completely absent in mice lacking DAT (i.e., DAT knockout mice) (227) . These results clearly indicate that DAT is required for the mediation of the wake-promoting effect of modafinil (and amphetamine), but other pharmacological properties may also be involved in the wakepromoting effects of modafinil (228, 229) .
Amphetamine (which showed a potent EEG arousal property) has, however, a relatively low DAT binding affinity (230) , suggesting that other mechanisms, such as monoamine release (exchange diffusion through the DAT) by amphetamine, are also involved in the mechanism of EEG arousal. Amphetamine is also reported to block the vascular monoamine transporter 2 (VMAT 2) and to induce reverse-transport of monoamines into the synaptic area (231) . To further assess the net effects of amphetamine on monoaminergic neurotransmission, we measured DA and NE efflux together with the wake-promoting effects of amphetamineanalogs and isomers in the canine narcolepsy model (232) . Polygraphic recordings demonstrated that d-amphetamine was about twice as potent as l-amphetamine, and was six times more potent than l-methamphetamine in increasing wakefulness, while d-amphetamine and l-amphetamine were equipotent in reducing REM sleep and cataplexy, and lmethamphetamine was about half as potent as l-and d-amphetamine (232) . By measurements of extracellular levels of DA and NE, we found that d-amphetamine was more potent in increasing DA efflux than l-amphetamine, and l-methamphetamine had little effect. In contrast, there was no significant difference in the potencies of theses three derivatives on NE efflux. Thus, the potencies of amphetamine isomers/analogs on wakefulness correlated well with DA, but not NE efflux in the brain of narcoleptic dogs, and this further exemplifies the importance of the DA system for the pharmacological control of EEG arousal (232) .
However, the involvement of the dopaminergic systems in the regulation of the sleep/wake process has not been given much attention, mostly due to early electrophysiological findings demonstrating that dopaminergic neurons in the ventral tegmental area (VTA) and substantia nigra do not change their activity significantly during the sleep cycle (202) , in contrast to noradrenergic cells of the LC or serotonergic cells of the raphe which increase firing in wake versus sleep. Although the firing patterns of DA neurons during slow wave sleep are different from those during wake or REM sleep, DA release in the LC and amygdala measured with microdialysis experiments failed to demonstrate the state-dependent change (233) . These experimental results led most investigators to believe that adrenergic tone was more important than dopaminergic transmission for the control of EEG arousal.
Therefore, the dopaminergic system may not be so important for the normal sleep/wake cycle regulation but may play a key role for forced wakefulness by motivation and/or by stimulants, and the hypocretin-dopaminergic interaction may also be involved in these alerting mechanisms. In clinical conditions, a disturbance of this mechanism may be more troublesome since it may induce intolerable sleepiness in situations requiring motivated wakefulness.
An involvement of dopaminergic system in intolerable sleepiness is also noted in some pathological conditions, such as Parkinson's disease. Frequent sleep attacks, and associations with accidents are reported by patients with Parkinson's disease treated with DA D2/D3 agonists (234, 235) ; this class of compounds induces drowsy states and cataplexy in the canine model of narcolepsy (211,212).
Hypocretin replacement therapy
Finally, a canine narcolepsy model (both familial and sporadic narcoleptic dogs) was used for the evaluation of replacement/supplement therapies of hypocretin ligands (236) . Using a ligand-deficit sporadic narcoleptic dog, we have assessed the effects on cataplexy from intravenous (IV) administration of hypocretin-1 (6 -384 μg/kg). In a separate experiment, we found that a small portion of hypocretin-1 penetrates to the CNS (by assessing the increase in CSF hypocretin levels) after high doses (96-386 μg/kg) of IV administration of hypocretin-1 (236) . However, hypocretin-1 at these high-dose ranges only produced a short-lasting anticataplectic effect (236) . Thus, development of centrally penetrable hypocretin agonists (i.e., small molecular synthetic agonists) is likely to be necessary for the human application.
Hypocretin deficiency and narcoleptic phenotype
Human studies have demonstrated that the occurrence of cataplexy is closely associated with hypocretin deficiency (16) (Fig. 6) . Furthermore, the hypocretin deficiency was already observed at very early stages of the disease (just after the onset of EDS), even before the occurrences of clear cataplexy (237) . Occurrences of cataplexy are rare in acute symptomatic cases of EDS associated with a significant hypocretin deficiency (see (85) ); therefore, it appears that a chronic and selective deficit of hypocretin neurotransmission may be required for the occurrence of cataplexy. A possibility of an involvement of a secondary neurochemical change for the occurrence of cataplexy cannot be ruled out. If some of these changes are irreversible, hypocretin supplement therapy may only have limited effects on cataplexy.
Sleepiness in narcolepsy is most likely due to the difficulty in maintaining wakefulness as normal subjects do. The sleep pattern of narcoleptic subjects is also fragmented; they exhibit insomnia (frequent wakening) at night. This fragmentation occurs across 24 hours, and, thus, the loss of hypocretin signaling is likely to play a role of this vigilance stage stability (see (238) ), but other mechanism may also be involved in EDS in narcoleptic subjects. One of the most important characteristics of EDS in narcolepsy is that sleepiness is reduced, and patients feel refreshed after a short nap, but this does not last long as they become sleepy within a short period of time. Hypocretin-1 levels in the extracellular space and in the CSF of rats significantly fluctuate across 24 hours, and build up toward the end of the active periods (179) . Several manipulations (such as sleep deprivation, exercise and long-term food deprivation) are also known to increase hypocretin tonus (178, 179, 239) . Thus, the lack of this hypocretin build-up (or increase) caused by circadian time and by various alerting stimulations may also play a role for EDS associated with hypocretin-deficient narcolepsy.
Future directions
(1) The observation of low CSF hypocretin-1 levels is very specific to narcolepsy when compared to other sleep or neurological disorders. Measuring CSF hypocretin-1 is, thus, rapidly becoming a new diagnostic tool for the condition. The availability of this test is also challenging our view of the nosology of narcolepsy. As emphasized by Honda et al. (89) , narcolepsy with cataplexy may be more a homogeneous etiological entity, as reflected by low CSF hypocretin, to be differentiated from narcolepsy without cataplexy or the related syndrome of idiopathic hypersomnia, with generally normal hypocretin levels. In the second revised ICSD, narcolepsy with cataplexy and narcolepsy without cataplexy will be coded separately. Low CSF hypocretin-1 will also be considered as a positive diagnostic result for narcolepsycataplexy (2) Since most narcolepsy-cataplexy subjects (about 90% of idiopathic cases) are hypocretinligand deficient, hypocretin agonists may be promising in the treatment of narcolepsy. In this respect, the development of small-molecular and centrally penetrant (i.e., non-peptide) hypocretin agonists is likely to be necessary (236) . A consideration is the possible absence of functional hypocretin receptors many years after the disease onset. Cell transplantation, using embryonic hypothalamic cells or neural stem cells, and gene therapy (preprohypocretin /orexin gene transfer using various vectors) might also be used to cure the disease in the future.
(3) Although cataplexy is now known to be closely associated with hypocretin deficiency in narcolepsy, the pathophysiological mechanisms underlying the occurrence of cataplexy are largely unknown. The observation that prepubertal narcolepsy-cataplexy cases are almost always hypocretin-deficient suggests that hypocretin deficiency occurs at cataplexy onset (240) . Considering the fact that acute ablation of hypocretin ligands by focal hypothalamic lesions associated with immune-related inflammatory encephalophaties, such as in multiple sclerosis and acute disseminated encephalomyelitis (ADEM), rarely induce cataplexy (see (85) ), chronic and selective loss of hypocretin ligand may be required to exhibit cataplexy. The mechanisms of emotional induction of cataplexy remain to be studied.
(4)
The causes/mechanisms of the ligand deficiency in human narcolepsy remain unknown, but it is believed to be a result of the acquired cell death of hypocretin neurons. This is likely because (1) the onset of most sporadic cases of human narcolepsy is around puberty, later than those for the genetic animal models, (2) the only known human hypocretin gene mutation had a very early onset at six months of age, and (3) postnatal ablation of hypocretin neurons in mice (241) induces a phenotype that most resembles human narcolepsy. The mechanisms of the hypocretin cell death, especially in relation to HLA positivity, should, therefore, be determined to prevent and/or rescue the disease. The current hypothesis, that narcolepsy is an autoimmune disease, is still unsubstantiated.
(5) Hypocretins are involved in various other hypothalamic functions such as feeding, energy homeostasis and neuroendocrine regulation (169, 170) . Narcolepsy now appears to be a more complex condition than simply a sleep disorder (18) , and the disease is likely to be associated with various hypothalamic dysfunctions due to hypocretin deficiency. Narcolepsy is, thus, an important model to study the fundamental hypothalamic mechanisms linking sleep regulation, energy homeostasis and/or feeding (18).
Fig 1. Cataplectic attacks in Doberman pinschers
Emotional excitations, appetizing food or playing, easily elicit multiple cataplectic attacks in these animals. Most cataplexy attacks are bilateral (97.9%). Atonia initiated partially in the hind legs (79.8%), front legs (7.8%) neck/face (6.2%), or whole body/complete attacks (6.2%) Progression of attacks was also seen (49% of all attacks) (242). (a, b) No significant difference was found in the percentage of time spent in each vigilance state between narcoleptic and control dogs. However, the mean duration of wake, drowsy, and deep sleep episodes were significantly shorter in the narcoleptics, suggesting a fragmentation of the vigilance states (wake and sleep) in these animals. To compensate for the influence of cataplectic episodes on wake and drowsiness, those episodes interrupted by the occurrence of cataplexy were excluded. (c) Mean latency (min) to each sleep stage and occurrences (number/ total sessions) of cataplexy and sleep onset REM periods (SOREMPs) during the multiple sleep latency test (MSLT) in narcoleptic and control Dobermans. Drowsy and light sleep occurred in all sessions. Deep sleep, REM sleep or cataplexy (for narcoleptic dogs) occurred in some sessions, and the number of sessions where each state occurred/total number of sessions is shown in parentheses. Narcoleptic dogs exhibited cataplexy in 9 out of 100 sessions, and these events were differentiated from REM sleep episodes. Narcoleptic dogs show a significantly shorter latency to drowsy and light sleep in overall sessions. Note that narcoleptic dogs exhibited SOREMPs (i.e., REM sleep occurring within 15 min of sleep onset) significantly more often than control animals, although both narcoleptic (36.0 % of total session) and control dogs (21.7 %) showed REM sleep during the MSLT. The Hcrtr 2 gene is encoded by 7 exons. Sequence of exon-intron boundary at the site for the deletion of the transcript revealed that the canine short interspersed nucleotide element (SINE) was inserted 35 bp upstream of the 5′ splice donor site of the fourth encoded exon in narcoleptic Doberman Pinschers. This insertion falls within the 5′ flanking intronic region needed for premRNA Lariat formation and proper splicing, causing exon 3 to be spliced directly to exon 5, and exon 4 to be omitted. This mRNA potentially encodes a non-functional protein with 38 amino acids deleted within the 5th transmembrane domain, followed by a frameshift and a premature stop codon at position 932 in the encoded RNA. In narcoleptic Labradors, the insertion was found 5 bp downstream of the 3′ splice site of the fifth exon, and exon 5 is spliced directly to exon 7, omitting exon 6. (a) The topology of the two intrachain disulfide bonds in orexin-A is indicated in the above sequence. The shaded areas indicate the amino acid identities. Asterisks indicate that human and mouse sequences were deduced from the respective cDNA sequences and not from purified peptides. Hypocretin-1 (orexin-A) and hypocretin-2 (orexin-B) are derived from a common precursor peptide, prepro-hypocretin (prepro-orexin). (b) The actions of hypocretins are mediated via two G protein-coupled receptors named hypocretin receptor 1 (Hcrtr 1) and hypocretin receptor 2 (Hcrtr 2), also known as orexin-1 (OX 1 R) and orexin-2 (OX 2 R) receptors, respectively. Hcrtr 1 is selective for hypocretin-1, whereas Hcrtr 2 is nonselective for both hypocretin 1 and hypocretin 2. Hcrtr 1 is coupled exclusively to the G q subclass of heterotrimeric G proteins, whereas in vitro experiments suggest that Hcrtr 2 couples with G i/o , and/or G q . (adapted from Sakurai 2003) (c) Hypocretin-containing neurons project to these previously identified monoaminergic and cholinergic and cholinoceptive regions where hypocretin receptors are enriched. Impairments of hypocretin input may, thus, result in cholinergic and monoaminergic imbalance and generation of narcoleptic symptoms. VTA, ventral tegmental area; SN, substantia nigra; LC, locus coeruleus; LDT, laterodorsal tegmental nucleus; PPT, pedunculopontine tegmental nucleus; PRF, pontine reticular formation; BF, basal forebrain; VLPO, ventrolateral preoptic nucleus; LHA, lateral hypothalamic area; TMN; tuberomamillary nucleus; DR, dorsal raphe. Each point is the concentration of hypocretin-1 in the crude (unfiltered) lumbar CSF of a single individual. Represented are controls (samples taken both during night and day) and narcoleptics, including those with typical cataplexy, with atypical cataplexy, with cataplexy but who are HLA-negative, and without cataplexy, as well as narcolepsy family probands. Individuals with hypersomnia due to idiopathic hypersomnia, periodic hypersomnia, or hypersomnia due to secondary etiology are also shown, as are those with other diagnostically described sleep disorders (obstructive sleep apnea (n=17), restless legs syndrome (n=12), insomnia (n=12)) and those with a variety of neurological disorders. Specific pathologies are described for individuals with low (<110 pg/mL) or intermediate (110 -200 pg/mL) concentrations of hypocretin-1. Data is derived from (16) . The effects of compounds on daytime sleepiness was studied using 4-hr daytime polygraphic recordings (10:00-14:00) in 4-5 narcoleptic animals. Two doses were studied for each compound. All DA uptake inhibitors and CNS stimulants dose-dependently increased EEG arousal and reduced slow wave sleep (SWS) when compared to vehicle treatment. In contrast, nisoxetine and desipramine (two potent NE uptake inhibitors) had no significant effect on EEG arousal when doses that completely suppressed REM sleep were injected. Compounds with both adrenergic and dopaminergic effects (nomifensine, mazindol, D-amphetamine) were active on both EEG arousal (left panel) and REM sleep. The effects of the two doses studied for each stimulant was used to construct a rough dose-response curve (left panel). The drug dose that increased the time spent in wakefulness by 40% more than the baseline (vehicle session) was then estimated for each compound. The order of potency of the compounds obtained was: mazindol > (amphetamine) > nomifensine > GBR 12,909 > amineptine> (modafinil) > bupropion. In vitro DA transporter (DAT) binding was performed using [3H]-WIN 35,428 onto canine caudate membranes and demonstrated that the affinity of these DA uptake inhibitors varied widely between 6.5 nM and 3.3 mM. In addition, it was also found that both amphetamine and modafinil have a low but significant affinity (same range as amineptine) for the DAT. A significant correlation between in vivo and in vitro effects was observed for all 5 DA uptake inhibitors and modafinil (right panel). Table 1 Clinical characteristics of narcolepsy-cataplexy, narcolepsy without cataplexy and idiopathic hypersomnia 
